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were complete extraction and retention of the tracer traversing the heart. However, current evidence suggests that small, charged solutes in plasma, such as rubidium and thallium, are not completely extracted, or, once extracted, completely retained by the heart (2, 8, 9, 12, 13, 17, 18, 21, 23 ).
There are, therefore, potential inaccuracies when using tissue 201Tl and 82Rb content to evaluate myocardial perfusion.
Substantial intravascular dispersion and recirculation of tracer are inevitable in in vivo studies.
To avoid this, many investigators have evaluated thallium and rubidium extraction, retention, and washout in isolated skeletal muscle or myocardial preparations using a number of different species (8, 12, 13, 18, 21, 24) . Although many reports focused on initial tracer extraction, several investigators also evaluated washout of extracted rubidium (11) or thallium (8, 9, 21) . However, to the best of our knowledge, there are no data currently available simultaneously evaluating and comparing the extraction, retention, and washout of these two flow tracers in an isolated cardiac preparation.
The purpose of the present study was to investigate and compare the relationship between flow and tissue tracer content of thallium and rubidium by simultaneously measuring their extraction, retention, and washout in the myocardium at plasma flow rates ranging from 0.5 to 2.72 ml min·
Igm-1 wet weight. We used the isolated, isovolumic retrograde red blood cell plus albumin (RBC/albumin) perfused rabbit heart to assess myocardial flow tracer kinetics following introduction of isotope as a compact bolus in the absence of recirculation. The multiple indicator dilution technique (5) was used to simultaneously acquire information on rubidium and thallium in the presence of an intravascular reference tracer, iodine-125-albumin (125J-albumin). Data obtained using this technique were analyzed in two distinct.ways. The first approach, previously used by Kuruc et al. (14) for the kidney, explicitly deconvolved the thallium and rubidium venous concentration curves by the albumin curve to separate the effects of circulatory dispersion from myocardial extraction and retention of thallium and rubidium. In the second approach, the venous concentration curves were used to compute 201 Tl and 83Rb extraction, retention, and washout using a conventional analysis as previously described by Crone (6), Lassen and Crone (15) , Bassingthwaighthe et al. (2) , Guller et al. (10) , and Little et al. (19) .
Methods

Experiment Preparation
Preparation of isovolumic, retrograde RBC/albumin perfused rabbit hearts was similar to that reported previously (21, 22) . All procedures were done in accordance with institutional guidelines for animal research. Non-fasted, male New Zealand White rabbits were given 4000 units sodium Hearts were perfused with a modified Tyrode's solution containing oxygenated bovine erythrocytes and 17 gil bovine serum albuminr(Fraction V, fatty-acid free, Sigma Chemical Co., St.
Louis, MO). The bovine serum albumin was dialyzed overnight at 4 °C against buffer and filtered through a 0.8 micron Millipore filter. Fresh bovine red cells were used the same week they were obtained. The cells were separated from whole blood by centrifugation in 250 ml polyethylene bottles at 2800 g for 20 min at 6°C, then washed, resuspended with oxygenated ice-cold buffer, and spun again; this separation procedure was repeated four times. The specific electrolyte concentrations of the buffer solution (pH 7.3-7.4) were: 110 mM NaCl, 2.5 mM CaC}z, 6 mM KCl, 1 mM MgC}z, 0.435 mM NaHzP04, and 28 mM NaHC03. Glucose (5.6 mM) and sodium pyruvate (2 mM) were added to ensure adequate substrate availability. Measurements of pH and the levels of carbon dioxide and oxygen were done on the RBC/albumin perfusate and on selected venous samples using an IRMA ™ Blood Gas Analyzer (Diametrics Medical, Inc., St. Paul, MN).
Values were automatically calculated for bicarbonate, total carbon dioxide, base excess, and percent oxygen saturation. The concentration of red blood cells in the perfusate buffer was adjusted to a hematocrit of 17-25%. The flask containing the RBC/albumin perfusate was gassed with a mixture of98% 02 + 2% C02 during the experiment.
Radiophannaceuticals
The radioisotopes were purchased from the following sources: 125I-albumin (bovine serum), E.l. DuPont deNemours & Co., Boston, MA; 201Tl (thallous chloride), Mallinkrodt Medical, San
Francisco, CA; 83Rb (rubidium chloride), Los Alamos National Laboratory, Los Alamos, NM.
Experimental Protocol
After the heart was prepared, an equilibration period of at least 15 min preceded all experimental interventions. A heart was acceptable for study if it developed at least 80 mmHg pressure (peaksystolic minus end-diastolic) and if end-diastolic and end-systolic pressures were stable over the equilibration period. After equilibration, myocardial perfusion was gradually changed to the experimental flow rate and subsequently held constant by the perfusion pump. Each heart was evaluated at one flow rate. The range of flow rates evaluated, 0.51 to 2.72 ml min-1 g-1 wet wt LV, is associated with normal high energy phosphate content over the time periods studied here (20) .
Five to ten min after equilibration at the experimental flow rate, a mixed isotope bolus consisting of 125I-albumin, 201Tl, and 83Rb (0.4-0.6 microcurie of each isotope in 0.2 ml RBC/albumin perfusate) was injected just above the aortic cannula. Rapid venous sampling (2-5 s per sample depending upon the flow rate) from the right ventricular cannula into pre-weighed vials commenced with radioisotope introduction and continued uninterrupted for 2 min. Subsequent samples were taken at progressively longer intervals (from 15-120 s) over a period of20-30 min post-injection for a total of 75-90 samples. About 0.5 ml was collected for each sample. The sample vials were weighed again after collection to obtain the net weight.
Data Acquisition and Preliminary Data Processing
Venous samples and aliquots (n = 1 0) of a dilution of the mixed isotope injection solution were counted on a gamma counter (TM Analytic, Inc., Brandon, FL) enhanced with a MICRAD automated measurement system (MICRAD, Inc., Knoxville, TN). The computer-based MultiChannel-Analyzer simultaneously quantified and recorded the spectrum from all isotopes in the sample. The results were stored on a computer and retrieved for analysis on a UNIX workstation.
Reference standards for 201Tl, 83Rb, and 125I-albumin were also counted. Each sample spectrum was decomposed into a linear combination of the spectra of the reference standards using a weighted least squares fit.
Myocardial extraction, retention, and washout of 201Tl and 83Rb were assessed from the directly measured venous activity. The venous activity was expressed as the fraction of injected (1) where F denotes the plasma flow in rnVs, Ci(t) denotes the venous sample activity in counts s-1 g-1, Qo denotes the injected activity in counts s-1, and 1.026 g/ml is the density of plasma. The fractional venous appearance rates for an experiment with a plasma flow rate of 2.13 ml min-1 g-1 wet wt LV (experiment 950125.in Table I ) are graphed in Fig. 1 .
Time (s)
• 1-125
.. Rb-83 1000 Figure 1 .
Fractional venous appearance rate, h(t), of 201Tl, 83Rb, and 125J-albumin.
Data Analysis
Myocardial Extraction, Retention, and Washout of 201TZ and 83Rb Using Deconvolution Analysis. The venous outflow curves for 201Tl and 83Rb are a function of circulatory dispersion, which is reflected in the venous outflow curve for albumin, as well as the extraction and retention of the tracer by the myocardium. This concept is schematically diagrammed in Fig. 2 . In order to characterize the handling of the tracers by the myocardium in the simplest way, it is desirable to correct the diffusible tracer curves for the circulatory dispersion of the tracer as measured by the albumin curve. This was done by modeling the diffusible tracer curve as the response of a linear time-invariant system to an input consisting of the albumin curve. One can then estimate the response of the system as if the albumin curve were replaced with a narrow pulse. This response, Figure 3 . Viewing the curves from the reference and diffusible tracers as the input and output of a linear time-invariant system, we can compute the response of the system to an impulse input. The process of estimating the impulse response of the system from an inputoutput pair is termed deconvolution.
Let hR(t) and hv(t) denote the venous outflow curves for I25J-albumin and 201Tl or 83Rb, respectively (Rand Dare intended as mnemonics for reference and diffusible tracer, respectively).
We model hv(t) as the mathematical convolution of hR(t) and the impulse response of the system,
where* denotes the mathematical operation of convolution. Physically, the impulse response may be thought of as quantifying the distribution of transit time 6 
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•. tl delays of the diffusible tracer relative to the reference tracer. That is, J i(t)dt is the fraction of the to flow tracer whose transit time is delayed by times between to and t 1 , relative to the reference tracer.
In these experiments, it is to be expected that a certain fraction, p, of the tracer will not be extracted at all, that is, will have the same kinetic behavior as the reference tracer. 'This would manifest itself in the impulse response as a sharp peak at time zero with area p.
Given hR(t) and hv(t), one can compute i(t) by solving Eq. 2. This process is termed deconvolution. In practice, deconvolution is an ill-posed problem in the sense that small data errors can result in large errors in the computed impulse response (7). To circumvent this difficulty, we computed an approximate solution to Eq. 1 that was non-negative and monotonically decreasing. It has been shown that these constraints are sufficient to give robust impulse response estimates (14) .
Implementation of Deconvolution Analysis. Kinetic information on early and late tracer extraction, retention, and washout was obtained by: 1) e'stimating the initial 180 s of the impulse response at a 5-s time resolution and; 2) estimating the impulse response over the duration of each experiment at a 60-s time resolution. First, venous tracer curves that were uniformly sampled in time were computed by numerical integration, assuming the venous concentration to be the (constant) measured value over each data collection interval. The impulse response estimate was obtained by minimizing the sum of the squared differences between the (resampled) diffusible tracer curve and the discrete convolution of the albumin and impulse response curves subject to the constraint that the impulse response is nonnegative and nonincreasing. The computed impulse response curve was obtained by solving for the nonnegative decrements of the impulse response and its final value using a numerically stable nonnegative least squares routine (16) .
Myocardial Extraction, Retention, and Washout of 201TZ and 83Rb Using a Conventional
Analysis. As initially proposed by Crone (6), we defined the instantaneous tracer extraction, E(t)
As in the deconvolution analysis, hR(t) is the fractional venous appearance rate of the reference tracer, 125I-albumin, and hv(t) is the fractional venous appearance rate of the diffusible tracer, 201TI or 83 Rb. We defined peak instantaneous extraction, Epeak, to be the maximum value of E(t), over the course of an experiment:
Epeak =max E(t). ( 
4)
Net tracer retention, Enet(t) was defined by 
where t is a variable of integration. (5) Net tissue tracer uptake, U(t), a function of tracer delivery as well as net retention, was defined to be the product of plasma flow and Enet(t):
Fractional escape rate, FER(t), a measure of washout, was defined as the ratio of tracer fractional venous appearance rate, h(t), and the tracer residue function:
where 
Volume of Distribution
One of the fundamental rationales for using the potassium analogs 201 Tl and 83Rb as deposited flow tracers is that they are diluted in the large intracellular potassium pool once extracted by the myocyte. One method of assessing distribution within the intracellular potassium pool is to determine the volume of distribution (Vd) for these two tracers. Vd is the plasma volume equivalent required to dissolve 201 Tl and 83Rb in tissue at the same concentration present in plasma. For the potassium analogs 201Tl and 83Rb, Vd would be expected to be greater than tissue volume because of the marked concentrative effect of sarcolemmal potassium transport. The volumes of distribution of201Tl and 83Rb were examined in six experiments performed at different flow rates ranging from 0.3 to 2.1 m1 min-I g-1 wet wt LV. In each experiment, 201Tl, 83Rb, and 125J-albumin were infused continuously for 120 min. After 90 min, there was no detectable arterial-venous difference for the two cationic tracers. Vd was estimated using the formula VdN = CSGtissuel CSGplasma (9) where CSGtissue is the counts s-1 g-1 wet wt LV, CSGplasma is the average counts s-1 g-1 of the RBC/albumin perfusate, and Vis the reciprocal of the specific gravity of the heart. The left 8 Kinetic Analysis of Rubidium and Thallium as Deposited Myocardial Blood A ow Tracers in Isolated Rabbit Heart ventricle was weighed immediately after the experiment and counted on a gamma counter to obtain the counts s-1 g-1 . Tissue tracer activity was corrected for intravascular blood activity assuming that arterial and venous volumes are 11% of tissue volume (1 ).
Radioisotope Uptake Into Red Blood Cells
Although the bolus introduction technique used in this study does not provide much time for the isotope to penetrate red cells, there was usually a lag time of up to 15 min between addition of the isotopes to the RBC/albumin perfusate injection aliquot and the actual injection of 0.2 ml of this preparation into the arterial port. To investigate the uptake of 201Tl and 83Rb into the red blood cells during this lag time, aliquots of the injection mixture were taken at 0.5, 2, 5, 10, 15, 20, 25 , and 40 min after the addition of isotope to the injection mixture. In a separate experiment, samples were taken from the right ventricle drain at 1, 5, 12, and 18 min after injection of the isotope mixture into the arterial port. In both experiments the red cell and plasma fractions were separated and counted as described in the experiment protocol and data analysis sections. There was 7.2% and 7.1% more uptake of 201 Tl than 83Rb in the red blood cells at the 15 and 18 min time points, respectively. Both experiments suggest that 201Tl is taken up preferentially in red blood cells. The percent isotope uptake from the first experiment is plotted in Fig. 4 . 
Results
We studied 21 isolated, isovolumic retrograde RBC/albumin perfused rabbit hearts at plasma flow rates of 0.51 to 2.72 ml min-I g-I wet wt LV. The results of an experiment with a plasma flow rate of 2.13 ml min-I g-I wet wt LV (experiment 950125 in Table I) extraction fractions for this experiment were 67% and 71% for 201Tl and 83Rb, respectively. The subsequent time points of the impulse response curves reflect return of the extracted tracer. The principal difference between the curves for 83Rb and 201Tl is that the curve for 83Rb decreases more rapidly than the curve for 201TI. Thus, while the extraction of 201TI is somewhat less than that of 83Rb, there is much more rapid washout of extracted 83Rb than 201TI. This washout can be quantified in terms of the total area under the impulse response between two given time points. For example, the washout of 201Tl and 83Rb between 5 and 30 s was 10% and 39% of the total tracer amounts, respectively. The consistency of the assumed linear, time-invariant system model with the data was assessed by comparing the convolution of the input function and the computed impulse response with the observed output curves. The relative root mean square error was 0.8% and 1.5%
for 201TI and 83Rb, respectively. 
201TZ and 83Rb Extraction Fraction.
Extraction fraction values for each experiment are listed in Table 1 . The mean extraction fraction for 83Rb (72 ± 10%) was significantly higher than that for 201Tl (65 ±9%) (P < 0.0005). The extraction fraction of201Tl tended to be negatively correlated with flow (with a slope of -0.038 mi-l min g), but the correlation did not reach statistical significance (P < 0.15). The extraction fraction of 83Rb had a statistically significant negative correlation with flow with a slope of -0.084 mi-1 min g (P < 0.0025).
201TZ and 83Rb Retention and Washout. Rapid washout of extracted tracer was assessed by
computing the integral of the impulse response curves over the interval from 5 to 3.0 s. The mean integral for 201Tl (6 ± 4%) was significantly smaller than that for 83Rb (32 ± 6%) (P < 0.0001). Both tended to increase with flow (201Tl, slope of 0.030 mi-l min g, P < 0.015; 83Rb, slope of 0.016 mi-l min g, P < 0.41), but only 201Tl had a statistically significant correlation with flow.
Myocardial retention of the flow tracers was estimated by examining the later portions of the impulse response curve. As illustrated in Fig. 5B , the tails of the impulse responses of both 201TI and 83Rb were well described by decaying exponential functions. We therefore fit single decaying exponential curves to the tails of the impulse responses, starting at 40% of the total data acquisition time. The mean area under the exponential fits for 201Tl (62 ± 13%) was more than twice as large than for 83Rb (29 ± 10%) (P < 0.0001). Both areas were negatively correlated with flow with a slope of -0.11 mi-l min g (201Tl, P < 0.0035; 83Rb, P < 0.0001).
The mean time constants of the exponential fits were 1270 ± 460 sand 1210 ± 340 s for 20 1 Tl and 83Rb, respectively. The time constants were negatively correlated with flow with slopes of -400 s mi-l min g (P < 0.002) and -280 s mi-l min g (P < 0.004).
Myocardial Extraction, Retention, and Washout oj201TZ and 83Rb Using Conventional
Analyses. As an example, the conventional analysis results from the experiment shown in Fig. 1 are plotted in Fig. 6 . Instantaneous tracer extraction, E(t), is plotted in Fig. 6A . E(t) values for 83Rb peak earlier and higher than those for 201TI. Net retention values, Enet(t), ( indices for 201TI and 83Rb using deconvolution and conventional analyses. The extraction fraction obtained using the deconvolution analysis represents the fraction of flow tracer whose transit time was delayed relative to 125J-albumin due to diffusion into the extravascular space. The values for Epeak(t) using the conventional analysis are the highest instantaneous extraction values computed using Eq. 3. Table I for each experiment. The mean Epeak for rubidium (0.76 ± 0.09) is similar to that previously reported for thallium (3, 21, 25) for the range of flows evaluated here. The mean Epeak for thallium (0.67 ± 0.07) was lower than that for rubidium, possibly reflecting red cell sequestration. These results are similar to those obtained using the deconvolution analysis. No significant correlation between flow and 201Tl peak extraction was observed (slope of -0.034 mi-l min gm, P < 0.25), while 83Rb peak extraction and flow were negatively correlated (slope of -0.070 mi-l min g, P < 0.045). 14 
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201TL and 83Rb Fractional Escape Rate. In Fig. 6C , the fractional escape rate for 83Rb is seen to exceed that for 2 01 Tl for approximately 1 min following the peak of the indicator dilution curve.
To further evaluate early FER, we analyzed values at the point of the maximal percent difference between 201TI and 83Rb during the initial portion of the washout curve. The mean early FER for 83Rb (0.0060 ± 0.0026 s-1), exceeded that for 201Tl (0.0018 ± 0.0008 s-1) (P < 0.0001) (Fig. 7) . The early FER values increased with flow (P < 0.0001 for 201Tl and 83Rb). The slopes were 0.0009 mi-l min g and 0.0029 mi-l min g for 201Tl and 83Rb, respectively. To assess late FER, we analyzed the average FER over the last _1 0 data points of the indicator dilution curve. The mean late FER for 83Rb (0.00020 ± 0.00015 s-1) was less than that of 201TI (0.00035 ± 0.00022 s-1) (P < 0.0001). Flow had no effect on late FER (201Tl, P < 0.34; 83Rb, P < 0.82). 201T[ and 83Rb Net Uptake. We define the net tracer uptake, U(t), to be the product of flow and net tracer retention. The maximum values of U, Umax. for 201TI and 83Rb are shown as a function of flow in Fig. 8A and 8B, respectively. U(t) at t = 2 min are shown in Fig. 8C and 8D . The dashed line of identity would result if net tracer retention were 100%. Umax for 83Rb was somewhat closer to the line of identity than Umax for 201TI. However, by 2 min 201Tl uptake was closer to the line of identity than 83Rb uptake. 
Volume of Distribution for 201TI and 83 Rb
The observation that thallium is better retained in the myocardium suggests that thallium might have greater access to the intracellular potassium pool. In six experiments, the Vd for 20111 (13.4 ± 3.5) exceeded that for 83Rb (11.0 ± 2.5) (P < 0.05) (Fig. 9) . 
Discussion
In this investigation, the multiple indicator dilution technique was used to assess the extraction, retention, and washout of 201TI and 83Rb in the presence of an intravascular tracer, 1251-albumin.
Two distinct computational approaches were used The first approach was designed to separate the effects of circulatory tracer dispersion, as measured by the 1251-albumin reference curve, from extravascular movement of flow tracer. The fundamental concept behind this approach is that the diffusible tracer curves can be modeled as the convolution of the 1251-albumin curve, which reflects circulatory dispersion, and the impulse-response function of the myocardium, which reflects the extravascular movement of201TI and 83Rb. The computed impulse response provided a description of the myocardial extraction and retention of 201TI and 83Rb that was independent of circulatory dispersion.
In the second approach, which we term the conventional approach, we computed a number of late FER values appears to diminish the accuracy with which late tracer washout is estimated by this computation and could account for this disagreement.
There are some important differences between the conventional and deconvolution analysis approaches used in this study. The conventional quantity E(t) is a true measure of uni-directional tracer extraction only if back-diffusion is zero (15) . Our results indicate that, particularly for rubidium, there is a significant amount of back-diffusion in the system under study. Thus E(t) gives only an approximation to true tracer extraction. In contrast, the deconvolution analysis approach can completely compensate for back-diffusion, limited only by the temporal resolution of venous sampling rate. Moreover, the conventional indices are, to a greater or lesser extent, all affected by circulatory dispersion. Therefore use of these indices to study tracer extraction and retention as a function of flow is confounded by the inverse relationship between flow and circulatory dispersion (that is, at high flow the tracer bolus is less temporally dispersed). Since the deconvolution analysis approach explicitly removes the effects of circulatory dispersion, it provides a more refined tool for assessing the effects of flow on tracer extraction and retention.
This study provides some clues about capillary conductance and bi-directional cell membrane transport for thallium and rubidium. Epeak is often interpreted as providing a measure of the unidirectional flux across the capillary wall (10, 1_1, 18). Our Epeak values for 83Rb were similar to published values for thallium (and potassium) suggesting that the uni-directional flux (or conductance) across the capillary wall is similar for these substances (3, 18, 25) . However, our extraction indices for 201TI were lower than previously reported values. This latter observation might be an artifact due to red blood cell uptake.
In the present study, the net retention of thallium wa,s considerably greater than that of rubidium over most of the 20-30 min experiment time periods evaluated here, while the rate of washout of extracted rubidium was significantly greater than that of thallium starting approximately 20 s after isotope introduction. One interpretation of these observations is that thallium preferentially crosses the sarcolemma into the myocyte and is thus unavailable for back-diffusion from the interstitial space into the vascular compartment (J. B. Bassingthwaighte, personal communication). In contrast, rubidium does not enter the myocyte as rapidly as thallium, is retained in the interstitial space, and is therefore available for back-diffusion into the vascular space with subsequent washout from the heart. Assuming the slow component, assessed from the tail of the impulse response function, represents tracer inside the myocyte, the information obtained with our deconvolution analysis supports this proposed mechanism in which thallium has greater access to the intracellular potassium pool than rubidium. Similarly, the conventional analysis showed that net retention of 201Tl is greater than 83Rb as early as 2 min after tracer introduction. This hypothesis is also supported by the observation that the V d for thallium was greater than for rubidium. Since there is no reason to suppose that the intravascular and the interstitial volumes of distribution are different for these two flow tracers, these results suggest the myocyte accumulates more thallium than rubidium.
In recent work using a more detailed mechanistic model (J. B. Bassingthwaighte, personal communication) the permeability surface area product of the sarcolemma for thallium was found to be 2-3 times higher than that for potassium. One potential explanation provided by these investigators is that thallium might be transported into the myocyte via sodium channels in addition to potassium channels and possibly by the sodium-potassium A TPase pump. This observation strongly suggests that myocyte transport of 201Tl is quantitatively different and more efficient than that of potassium (and probably rubidium).
Although there are obvious differences between the current data and data obtained in in vivo studies, the results reported here could have relevance to clinical studies. One major difference is that, in contrast to the constant flow, steady-state experimental design employed here, most clinical studies are performed during stress/rest, non-steady-state conditions. Second, in the present study, kinetic data for 201 Tl and 83Rb were obtained following delivery of a compact tracer bolus directly to the myocardium. In contrast, substantial tracer dispersion following intravenous isotope injection and tracer recirculation is inevitable in human studies. Conceptually, the signal obtained from human hearts can be viewed as representing the summation of myocardial extraction, retention, and washout for multiple, very small sequential tracer boluses. Provided the data obtained in rabbit hearts are applicable to humans, the extraction, retention, and washout kinetics of each of these individual boluses would be similar to that observed here in the individual rabbit hearts following bolus introduction of the tracer. Relative to the present data, the net effect of prolonged tracer delivery to the myocardium in clinical studies is to lengthen the period of net myocardial201Tl and 83Rb uptake and retention, and delay net washout.
In summary, the relationship between 201Tl and 83Rb tissue tracer content and flow has been evaluated in the isolated RBC/albumin perfused rabbit heart using the multiple indicator dilution technique and two distinct computational approaches. The first approach explicitly deconvolved the thallium and rubidium venous concentration curves by the vascular reference tracer curve to separate the effects of circulatory dispersion from myocardial extraction and retention of thallium and rubidium. The second approach used a conventional analysis to compute thallium and rubidium extraction, ·retention, and washout. Both approaches showed that there was substantial early washout of initially extracted 83Rb and that 201Tl was better retained by the myocardium for most of 
